Abstract-We present a modeling scheme for simulating ballistic hole transport in thin-body fully depleted silicon-on-insulator pMOSFETs. The scheme includes all of the quantum effects associated with hole confinement and also accounts for valence band nonparabolicity approximately. This simulator is used to examine the effects of hole quantization on device performance by simulating a thin (1.5-nm) and thick (5-nm) body double-gated pMOSFET in the ballistic limit. Two-dimensional electrostatic effects such as drain-induced barrier lowering (DIBL) and off-equilibrium transport are emphasized as part of this study. The effect of channel orientation on the device performance is examined by simulating pMOSFETs with channels directed along 100 and 110 . Simulated device characteristics for identical nMOSFETs and pMOSFETs are compared in order to explore the effects of subband engineering on CMOS technology. Novel floating boundary conditions used in simulating ballistic transport are highlighted and discussed.
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I. INTRODUCTION

R
ECENT industrial trends indicate that the silicon-on-insulator (SOI) geometry, with its inherently improved shortchannel immunity, could be the device structure that drives CMOS technology in the future [1] , [2] . Also, CMOS scaling trends have progressed to a point where it is of interest to assess the ultimate performance limits of nanoscale transistors [3] . In this regard, several papers examining the ballistic limits of n-channel SOI transistors have been published recently [4] - [6] . A comprehensive analysis of p-channel transistors has yet to be reported because of the complicated band structure for holes. Therefore, our objectives are to describe a two-dimensional (2-D) simulator which is capable of modeling ballistic hole transport in thin-body SOI pMOSFETs including the effect of hole band nonparabolicity and to use this simulator to explore subband engineering for pMOSFETs. Since boundary conditions require special care for ballistic simulations, we also discuss the boundary conditions used in this paper and in our previous work [4] . As the channel length is reduced from one transistor generation to the next, it becomes necessary to reduce the SOI film thickness in order to maintain a tolerable degree of shortchannel effect, i.e., threshold voltage rolloff and drain-induced barrier lowering (DIBL) [7] . Reducing the SOI film thickness causes the carriers in the inversion layer to be distributed over fewer subbands. This, in turn, substantially affects the electrical characteristics of short-channel SOI MOSFETs. Recent studies have presented strategies to enhance the performance of n-channel SOI MOSFETs by utilizing this subband structure [8] . However, such subband engineering cannot be performed for n-channel devices in isolation, and it is of interest to see how carrier quantization affects the performance of pMOSFETs. Therefore, we use our 2-D simulator for holes to examine the effects of subband engineering in ultra-thin-body pMOSFETs. The importance of 2-D electrostatic effects such as DIBL and off-equilibrium transport are emphasized as part of this study. Simulated device performance for pMOSFETs is compared against the performance of identical nMOSFETs in order to provide a clear perspective of subband engineering in thin-body SOI transistors at the ballistic limit. This paper is organized as follows. Section II outlines the modeling scheme. Section III presents simulation results for n and p channel MOSFETs with identical device geometries. Section IV discusses the special boundary conditions that have been used to model ballistic transport and Section V summarizes key findings.
II. THEORY
In this section, we present the self-consistent 2-D solution scheme that has been used to evaluate the hole distribution and source-to-drain current in thin-body fully depleted ballistic (no scattering) pMOSFETs. Quantum confinement and band nonparabolicity effects are included in the solution scheme. The simulated device structure is an idealized drain-gate (DG) MOSFET with the Si/SiO interface perpendicular to the direction (Fig. 1) . The dimension is treated as infinite and the potential is assumed to be translationally invariant in the direction. A grid spacing of (0.4 nm) along the direction and (0.15 nm) along the direction has been used in this simulation study. Hole transport through this idealized structure is modeled by including the effect of the warped heavy and light hole bands through the following -relationship (1) where the negative sign represents the heavy hole and the positive sign the light hole banstructure. , , and are constants with an associated uncertainty and determined from cyclotron resonance experiments. In our analysis the , , and coefficients are 4.22, 0.78, and 4.8, respectively [9] . It should be noted that in a bulk semiconductor, the light and heavy hole bands are degenerate around the point as indicated in (1). Also, in general, a nonlinear -relationship for holes implies a nonzero, dependent coupling between the light and heavy hole bands. To include these coupling effects accurately, a 6 6 Hamiltonian operator that is dependent needs to be discretized in two dimensions [10] . Such a solution is computationally expensive because of the size of the Hamiltonian and the associated -space grid. Therefore, to reduce the computational cost and at the same time capture the essential physics of ballistic hole transport including the effect of nonparabolicity, we use simplifing but physical approximations.
To explain the solution scheme we focus our attention on a thin directed vertical slice at a fixed location within the device, as shown in Fig. 1 . Carriers within this slice are strongly quantum confined along and reside in a discrete set of subbands. The effect of strong quantum confinement is the removal of the degeneracy between the light and heavy hole bands around the point ( discrete) and an increased separation between adjacent subbands away from the point. Therefore, in modeling hole transport in ultra-thin-body transistors, we assume that the separation between adjacent subbands is large enough (strong confinement) to ignore band-to-band coupling. Also, by focusing on the valence band maximum , individual subband energies and their corresponding wave functions (envelope) can be obtained by solving a one-dimensional (1D), directed, single band effective mass equation of the form, (2) In (2), is the effective mass along the confinement direction, and are the the eigen energies and wavefunctions for subband , at slice and is the 2-D potential profile. The effective mass used in (2) is, (3) where the negative sign represents the heavy hole and the positive sign the light hole band respectively. Note that in (2) is indeed the envelope function for holes along the gate confinement direction. In deriving (2), we restricted our focus to the valence band maximum , thereby eliminating the complex band warping and coupling present in the valence band. Therefore, the reciprocal effective mass tensor becomes a diagonal matrix for the heavy and light hole bands. This approximation of a parabolic band structure for holes in the confinement direction, enables us decouple the channel and confinement directions thus greatly reducing the associated computational burden [11] . It has been shown to work well for double-gate MOSFETs [12] . Note that the warped surface ( in (1)) associated with each hole subband includes the essential characteristics of the corresponding relationship obtained from a more general calculation based on the Luttinger Hamiltonian within the energy range of interest [10] . These approximations and the band structure used in this analysis have also been shown to reproduce measured -characteristics of pMOS capacitors accurately in the literature [13] .
A solution to (2) at every location within the device yields a set of subband profiles. Since coupling between different subbands is ignored and the transport is ballistic, a 1D Boltzmann solution can be directly solved to obtain the charge density and current contribution from each subband. The Boltzmann solution technique for a generic subband profile is illustrated in Fig. 2 . The subband is coupled to the source and drain reservoirs which are characterized by their Fermi levels and respectively. It should be noted that the subband energy is the effective potential energy of the hole and that holes flow up the potential hill unlike electrons. The subband profile shown in Fig. 2 can be spatially resolved into two regions: 1) points to the left of the subband minimum and 2) points to the right of the subband minimum. In region 1, holes injected from the source reservoir with directed energies greater than are reflected off the source-to-channel barrier. Therefore, both the and the states representing directed energies greater than are in equilibrium with the source (filled circles in Fig. 2 ). Holes with directed energies less than are not reflected by the source-to-channel barrier in the Boltzmann picture. Since there is no barrier reflection and the transport is ballistic, the states are in equilibrium with the source (filled circles in Fig. 2 ) and the states are in equilibrium with the drain (empty circles in Fig. 2 ) for directed energies less than . A similar analysis applies for holes in region 2. The charge density within a device is primarily determined by electrostatics. Therefore, when evaluating the 2-D hole density (given a subband profile), we assume that the relationship for the heavy and the light hole subbands is parabolic and is characterized by a mass that yields the same 2-D density of states (DOS) as the corresponding nonparabolic relation [
in (1)]. This approximation, is necessary to obtain analytical expressions for the charge density as outlined in the subsequent paragraph. The 2-D DOS effective mass can be expressed as [14] ( 4) where, is the polar angle in the plane. Using this mass and the incidence and reflection arguments illustrated in Fig. 2 , the 2-D hole density in region 1 can be expressed as, (5) Both Fermi-Dirac statistics and spin degeneracy have been included in (5) . Note that all energies in (5) have been normalized by and that the tilde implies that the energies are specified relative to the local subband energy . The 2-D density factor for subband is . A similar expression for the 2-D hole density in region 2 can be obtained. (6) This 2-D charge density is distributed along the confinement direction at each location using the corresponding wave function in order to obtain the 3D density profile. A summation over all the subbands yields the final charge density that is input to the Poisson solver for self-consistent solutions. Note that this treatment captures all of the quantum effects associated with hole confinement and can also treat the effect of hole wavefunction penetration into the insulator regions.
A nonlinear version of the Poisson equation which uses floating boundaries (Section IV) is solved in order to expedite convergence between the Poisson and transport iterations. Nonlinearity is forced into the Poisson equation by expressing the three-dimensional (3-D) hole density in terms of a corresponding quasi-Fermi level at each node of the 2-D grid using and (7) where is the effective DOS in the valence band, is the potential from the previous iteration, and is the inverse Fermi integral of order 1/2 [15] . Details of the nonlinear technique to solve Poisson's equation can be found in [16] - [18] . The maximum difference in potential between successive iterations is used as a measure of convergence.
Once convergence is achieved, the terminal current can be evaluated at any point within the device, because it is a conserved quantity. We evaluate the current at the bottom of the source-to-channel barrier ( point in Fig. 2 ) because this is a point where there is no reflection. Since this is a one-time calculation, the terminal current, including the effect of band nonparabolicity, is obtained by explicitly summing fluxes in -space. It should be noted that although the confinement direction is , the channel could be oriented along either the or the direction. Therefore, the occupancy factor (Fermi function) associated with a specific -state needs to be correctly defined. If the channel is oriented along , all states are filled using and the states are filled using . However, if the channel orientation is changed to , we perform a 45 rotation of the ( , ) axis to obtain a modified 2-D relation. In this new orientation, all of the states are filled using and the states are filled using given the subband minimum. The expression for the current density from subband including spin degeneracy is (8) Note that the velocity in (8) includes the direction dependence associated with a specific channel orientation. Summing each subband contribution yields the total terminal current for a particular channel orientation. Analogous expressions for the charge density and current in ultra-thin-body fully depleted nMOSFETs were presented in [18] .
III. RESULTS
In this section, we compare the ballistic performance of two ultra-thin-body n-and pMOSFETs. The first device has a silicon body thickness of 1.5 nm and the second device has a body thickness of 5 nm. Both devices have the geometry shown in Fig. 1 with a source/drain doping of 10 cm and an intrinsic channel. The junctions are abrupt and the oxide thickness is 1.5 nm. In order to minimize short-channel effects, a channel length of 20 nm has been assumed in all of the simulations. A power supply voltage of 0.6 V is used, and, to facilitate performance comparison, the threshold voltage (current value A m) of each device is calibrated to 0.25 by adjusting the gate work function. Electron and hole wave function penetration into the insulator regions is not considered, and the focus is primarily on the ON state . The ballistic current is a product of the charge density and the carrier velocity. The charge density within a device is primarily prescribed by 2-D electrostatics and the velocity (for a given charge density) by the band structure. Therefore, the effects of 2-D electrostatics and band structure on device performance can be explained by examining the charge density and carrier velocity at a point within the device. We examine these quantities at the "charge control point." To illustrate the charge control point, we plot the 2-D potential and subband profiles within the 1.5-nm body nMOSFET and pMOSFET structures in the ON state (Fig. 3) . Although the potential profile is a 2-D function ( and dimensions), the subbands are a function of alone and represent the effective potential energy of the confined 2-D carriers. Each subband exhibits a maximum (minimum for holes) as one moves from the source to the drain. This point is referred to as the charge control point because it is a point where there is no carrier reflection due to the potential profile. Note that due to the thin nature of the body (1.5 nm), both transistors exhibit single subband occupancy. Also note that since the effective mass (0.98 m of the electron in the confinement direction is higher than that of the corresponding heavy hole (m ), the confinement energy of the heavy hole (distance between and the subband) is higher than that of the electron (distance between and the subband). Fig. 4 presents the ballistic current versus voltage characteristics of the 1.5-nm body nMOSFETs and pMOSFETs. Both transistors exhibit a near-ideal subthreshold swing of 61 mV/dec due to the thin-body and the double-gate geometry. Despite exhibiting identical subthreshold behavior, the ON current from the ballistic pMOSFET is only 60% of that from the ballistic nMOSFET for a channel orientation of . To explain this difference, we plot the 2-D charge density and the corresponding nonequilibrium injection velocity (derived from the current) at the charge control point in Fig. 5 . It is clear from Fig. 5 that although the hole density is slightly higher than the corresponding electron density as a result of 2-D electrostatics, the hole injection velocity is considerably ( 50%) lower than the corresponding electron velocity. This indicates that the heavy hole is indeed heavy along both the confinement and channel directions, Valence band and profile of the first subband in the 1.5-nm body pMOSFET ("hh" represents a heavy hole in the confinement direction). All energies are referred to the source Fermi level (0). Due to the high doping in the source/drain regions, the electron subband is negative and the hole subband positive with regards to the reference. Note that the confinement energy of the hole is much higher than the electron. The bias state is jV j = 0:45 V and jV j = 0:6 V.
unlike the heavy electron which is heavy along the confinement but light along the channel (unprimed valley, 0.19 m ). This analysis also indicates that in thin-body SOI devices under conditions of single subband occupancy, the ballistic pMOSFET will always largely underperform the nMOSFET irrespective of channel length scaling. Therefore, band structure engineering is essential in order to increase pMOSFET performance.
An excellent analytical analysis of ballistic device performance in thin-body DG MOSFETs assuming single subband occupancy and 1-D electrostatics has been presented in the literature [19] . We examine the validity of this 1-D treatment of the electrostatics by plotting the 2-D charge density and velocity at the charge control point as a function of for the 1.5-nm body nMOSFETs and pMOSFETs (Fig. 6 ). In the absence of 2-D effects, the charge at the top of the barrier is determined by the gate overdrive in the ON state (evaluated at V). On including 2-D effects, it is clear from Fig. 6 that the charge at the control point is increased as for the 1.5-nm body n-(dotted line) and p-(solid line) MOSFETs. At the same gate voltage, the hole density is 10% greater than the electron density, but the hole injection velocity along h100i is 50%
lower than the electron injection velocity due to the warped nature of the heavy hole subband.
a result of DIBL in case of both nMOSFETs and pMOSFETs. For the pMOSFET, this increase in charge density is 15% despite using an ultra thin body and a relatively long channel. The charge density difference translates to an increased difference ( 25%) in the ballistic current as a result of degeneracy (see Section IV). A similar trend is also observed in case of the nMOSFET. Note that due to degeneracy effects, the saturation nonequilibrium injection velocities for both electrons 1.9 10 cm/s and holes 1 10 cm/s are much higher than their equilibrium injection values ( 1.5 10 cm/s for electrons and 8 10 cm/s for holes).
On increasing the body thickness to 5 nm, the difference between the ON currents of the nMOSFETs and pMOSFETs reduces to 25% (Fig. 7) . To understand this reduced difference, we focus on the 2-D charge density and injection velocity at the control point once again (Fig. 8) . The injection velocity for the hole is 85% of that for the electron (unlike the 1.5-nm body) and the 2-D hole density is 10% less than the corresponding electron density, thus resulting in the observed difference in the ON current. To explain this behavior of the charge density and injection velocity, we note that only 40% of the inversion electron charge resides in the first unprimed subband in case of the 5-nm nMOSFET, whereas 80% of the hole charge continues to occupy the first heavy hole band in the pMOSFET. Increased occupancy of the high energy subbands degrades the electron injection velocity because the average channel effective mass is increased [8] . For holes, since the light hole band is light in the confinement and channel directions, the hole injection velocity is improved slightly as the light hole population is increased, thus resulting in a reduced difference between the electron and hole injection velocities. The effective gate capacitance of the nMOSFET is greater than the pMOSFET as the effective 2-D DOS for electrons is greater than that of holes (primed bands have a higher DOS compared to the light hole band). Therefore, the inversion charge density at a high gate voltage is higher for electrons than holes (crossover point in Fig. 8 is the voltage at which high-energy subbands start contributing to the electron charge). It should be noted that increasing the body thickness from 1.5 to 5 nm reduces the inversion layer capacitance for both the n-and pMOSFETs as the charge centroid is pushed away from the Si/SiO interface. Also, for electrons we noted that the saturation injection velocity reduced with higher subband occupancy. The net effect of the effective gate capacitance and injection velocity degradation is a 30% reduction in the nMOSFET performance as we scale the body thickness from 1.5 to 5 nm. For the pMOSFET, we observed that increasing the body thickness actually increased the injection velocity slightly (for the same charge density). Therefore, the degradation in performance as we scale the body thickness from 1.5 to 5 nm is primarily due to capacitance degradation alone and is 15%. This indicates that pMOSFETs are less sensitive to subband engineering arising from reducing the body thickness as compared with nMOSFETs.
Finally, we examine the ON current performance of the 5-nm body pMOSFET as a function of channel orientation. Although (1) indicates that holes in the heavy hole band are heavier along as opposed to , we find that for the same 2-D hole density, the current in the 5-nm body pMOSFET is 20% higher for a channel as compared with a channel. To explain this behavior, we plot the net hole flux distribution in -space along the (left) and (right) directions for both the heavy and light hole bands in Fig. 9 (since the transistor is operating in the ON state, only one half of the -states are occupied). Fig. 9(a) shows that most of the heavy holes are located near the direction, and that these holes are responsible for the net flux irrespective of whether the channel is oriented along or . Fig. 9(b) shows that the light hole flux displays the opposite trend; most of the light holes are located near the direction. Therefore, no simple treatment of the direction dependence of the hole current is possible and one needs to explicitly sum over all the flux components in -space to study the effect of channel orientation.
For bulk pMOSFETs, it has been observed experimentally that the ON current for oriented channels is 7% higher than that of oriented devices [20] . This behavior is the opposite of what we observed in our 5-nm body pMOSFET. Note that in the 5-nm body device, although 80% of the hole density resides in the first heavy hole band and only 20% in the first light hole band [note the maximum value on the axes in Fig. 9 (a) and (b)], the light hole band contributes 35% of the total hole current along . This clearly indicates that if the population in the light hole band is increased, the difference in the total current between the and directions will reduce and may even be reversed. Our simplified hole band structure ignores subband-to-subband coupling and scattering. These effects may have to be included in order to capture the physics of hole transport more accurately.
IV. DISCUSSION
In simulating ballistic transport in MOSFETs, great care must exercised in treating the boundaries. We impose floating boundary conditions when solving Poisson's equation. This boundary condition is realized by setting (9) at the source and drain ends of the simulation domain. Conventional transport models use fixed potential boundary conditions assuming equilibrium statistics and charge neutrality at the contacts. Under ballistic transport conditions, equilibrium statistics no longer apply [21] , and our use of the floating boundary condition helps us restrict our focus to the intrinsic ballistic device without explicitly including the large scattering dominated contacts to which it is coupled. Note that the information about the drain bias (Fermi levels) is used in solving the transport equation for the hole density. Therefore, even if the potential is allowed to float, it cannot float to any arbitrary value. The potential floats relative to the source/drain Fermi levels.
To explain the floating boundary condition, we modify our idealized 1.5-nm body DG MOSFET structure by appending heavily doped (5 10 cm ) p regions to the left and right ends of the device. The averaged valence band profile for the modified device structure under equilibrium conditions ( V, V) is shown in Fig. 10(a) . (This profile is obtained by weighting the valence band energy with the local charge density and integrating over the confinement direction.) The presence of the heavily doped p regions creates a large potential barrier for holes injected from the source and drain contacts. This barrier gives rise to strong reflections which maintain a near-equilibrium distribution in the p regions even when a large bias is applied to the drain. Therefore, a fixed potential boundary condition based on charge neutrality can be used when solving Poisson's equation. The p regions maintain a near-equilibrium distribution even under bias.
On examining the nonequilibrium V potential profile [ Fig. 10(a) ] of the modified device, it is clear that the averaged valence band is unchanged in the heavily doped p regions but floats to a higher value in the p source region of the intrinsic device. This observation can be explained by examining Fig. 2 . Under equilibrium conditions, both the and the states in the p source are filled by a single Fermi level resulting in zero net current. As the drain bias is increased to higher and higher values, the drain injected (negative) half of the hole distribution is suppressed in region 1 (empty circles in Fig. 2) . Therefore, all of the charge in this region is comprised of source injected carriers. Note that with increasing , the source-to-channel barrier height decreases. This reduces the fraction of the source injected carriers that is reflected back and most of the charge in region 1 exists in the states. Although nearly one half of the -space occupancy is suppressed, 2-D electrostatics requires that charge neutrality must be maintained (integrated doping equals the 2-D hole density) at every point within region 1. To achieve charge neutrality, the hole density residing in the states in region 1 nearly doubles between the equilibrium and nonequilibrium bias conditions. To accommodate this increased charge in the half, the valence band has to float to a higher energy [ Fig. 10(a) ]. Increased occupancy of the high-energy states is what we refer to as degeneracy. Carriers in the heavily doped p region are predominantly backscattered by the built-in barrier, so the potential in this region is unchanged with drain bias. Now, if we remove the p regions but use the floating boundary condition to terminate the p regions, we observe the potential behavior plotted in Fig. 10(a) . Fig. 10(a) demonstrates that the averaged valence band under bias for the device with floating boundaries p -n -p is identical to that for device with fixed boundaries p -p -n -p -p within the region of interest p -n -p . 2-D charge density profiles also exhibit a similar match in the p -n -p region [ Fig. 10(b) ], thus indicating that the floating boundary condition does capture the effect of coupling a ballistic device to a scattering contact.
V. SUMMARY This paper described a self-consistent 2-D simulation scheme for modeling ballistic transport in ultra-thin-body fully depleted SOI pMOSFETs including the effect of band nonparabolicity. While doing so, the use of floating boundary conditions was highlighted and validated. The simulator was used to examine the physics of subband engineering on hole transport. Our simulations indicate that under conditions of single subband occupancy, the ballistic nMOSFET will significantly outperform the ballistic pMOSFET. They also indicate that 2-D effects are strong in these short-channel devices and need to be accounted for to obtain an accurate ballistic limit. Subband engineering (thinning the SOI film) improves the performance of ballistic nMOSFETs significantly, because both gate capacitance and injection velocity are increased. For ballistic pMOSFETs, the inversion capacitance is increased, but there is a small degradation in the hole injection velocity. Hence the performance improvement is significantly smaller. The heavy hole band flux is higher along as compared to the direction for a given charge density. The reversed trend applies to the light hole subbands. Therefore, if most of the hole charge is in the heavy hole band, a channel orientation of yields a higher current as compared to a channel orientation. If the light hole population increases, this difference is reduced and channel orientation does not affect pMOSFET device performance significantly.
Although we have used a simple treatment of the valence bands, the behavior of the hole current with respect to channel orientation presented in this paper is consistent with a more rigorous treatment which uses a 6 6 Luttinger Hamiltonian to describe the hole band structure [22] . The ideas presented in this paper can be extended to treat ballistic transport including the effect of warped band structures in general. To do so, the analytical calculations for hole density and current will have to be replaced by numerical calculations. We believe that rigorous solutions are definitely desirable and need to be developed to understand the physics of hole transport in SOI transistors, but we feel that simple approaches such as ours provides valuable insight efficiently until rigorous solutions are rendered tractable. The results presented in this paper point out the importance of a careful treatment of the valence band structure when simulating pMOSFETs.
